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Abstract

Electric vehicles (EVs) require substantially more copper and other metals than conventional
internal combustion engine (ICE) vehicles. For example, manufacture of an ICE automobile
requires 24 kg copper whereas manufacture of an EV requires 60 kg. Many have expressed
concern that the lack of critical mineral resources may not allow full electrification of the global
vehicle transportation fleet, and the vehicle electrification resource demand is just a small part of
that needed for the transition. By displaying both demand and mine production in full historical
context we show that copper resources are available, but 100% manufacture of EVs by 2035
requires unprecedented rates of mine production. The 100% EV target not only requires significant
extra copper for battery manufacture, but also more copper for grid upgrades to support charging,
while hybrid electric vehicles do not require extra grid capacity. Under today’s policy settings for
copper mining, it is highly unlikely that there will be sufficient additional new mines to achieve 100%
EV by 2035. Policymakers might consider changing the vehicle electrification goal from 100% EV
to 100% hybrid manufacture by 2035. This would allow for future output of existing and new copper
mines to be used for the developing world to catch up with the developed world in electrification.
Life cycle emissions for battery electric vehicles compared with hybrid electric vehicles are
comparable with each other. Mining must be recognized as essential, and exploration and
responsible copper mine development strongly encouraged.

Significance Statement

Climate policies presently assume that the materials required to transition to zero carbon emissions
will be available, but this need not automatically be the case. The message that we may not be
able to mine materials fast enough to meet humanity’s desires even if there are more than enough
of these materials to meet all of humanity's needs has proven difficult to effectively deliver, yet its
effective delivery and subsequent discussion is necessary to the formulation of realistic energy
resource policies. We hope that by presenting future copper mining requirements in a single
comprehensive diagram that is concisely supported by all relevant methods and data will prove
helpful in understanding and managing the material resource challenges that lie ahead.

Introduction

Copper is the mineral most fundamental to the human future because it is essential to electricity
generation, distribution, and storage. Copper availability and demand determine the rate of
electrification, which is the foundation of current climate policy’. Many studies have raised
concerns that copper supply cannot meet the copper demands of both the green energy transition
and equitable global development''5, but the seemingly universal presumption persists that the
copper needed for the green transition will somehow be available. This need not be the case for
even the first step of vehicle electrification. This paper addresses this issue by projecting copper
supply and demand from 2018 to 2050 and placing both in the historical context of copper mine
output. Discussion is focused on a single diagram that illustrates the unprecedented nature of the
copper mining challenge and ways to reduce copper demand. Just to meet business-as-usual
trends, 115% more copper must be mined in the next 30 years than has been mined historically
until now. To electrify the global vehicle fleet requires bringing into production 55% more new
mines than would otherwise be needed. On the other hand, hybrid electric vehicle manufacture
would require negligible extra copper mining. The figure summarizes projections of both demand
and supply in a fashion that has not been done before and we discuss aspects of copper
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exploration that have not seen much discussion. Our main purpose, however, is to communicate
the magnitude of the copper mining challenge to the broader public that is less familiar with
upstream resource issues. To this end, the discussion is brief, non-technical, and focused on a
single metal, diagram, and issue (vehicle electrification). All relevant methods and data are
concisely provided in supplemental material. We hope this will promote discussion and formulation
of alternative policies to be certain the developing world can catch up with the developed world
while global initiatives advance with the green energy transition.

A.) Global Cu Production B.) Mining Rates for Global EV Fleet
108 tonnes Culyear 108 tonnes Cu/year
70 65.7 recycling 50

increases
.+ along historic

60 trends 45
50 40
Refinery fieyi constant §
Qutput at 2018 value 35 ;/
2086 CE Q
40 e
@
30 5
30 =
37.1 Mtpy Mine 25 s
244 Qz050=1689 Mt Output 7\ \possiple  Soares
20 \ probable (2021)
20 20.4x10° tpy
10 20.4 Mtpy Historical
Historical mine Q015= 784 Mt 15
production Q=6598 Mt —
0 10
1900 1950 2000 2050 2100 2150 2200 2010 2035 2060
Calendar Year Calendar year

Figure 1. (A) Historic and projected mined copper production (orange and teal-colored curves).
The refinery output that includes recycling and equals the copper supply is shown by the dark blue
curve and green curve. The green curve assumes a recycling rate equal to that in 2018. The dark
blue solid curve assumes recycling rate increases along the trends of the past 20 years to 2050
and then is constant. Quate indicates the tonnes of copper mined up to a particular date and equals
the area under the teal curve up to that date. The copper production rates (mine or refinery) are
also shown. Q: at the bottom right is the estimated total minable copper resource. (B) Curves
showing the copper mine production required to: (1) Meet business-as-usual (non-energy
transition purposes) demand?® (solid dark blue baseline). (2) Meet BasU demand and convert the
global vehicle fleet to hybrid electric vehicles (yellow hybrid line just above the dark blue baseline).
(3) Meet BasU demand and convert the global vehicle fleet to battery electric vehicles (teal EV
curve) and upgrading electricity and transmission (light blue EV+grid). (4) Supply the copper
needed to transition to net zero CO2 emissions (wind and solar rather than fossil fuels) by 2050
(green line). (Panel curves calculated and plotted in SM4 tabs 1 and 5.)

Copper mining and refining
Mining and refining

Figure 1A shows the historical mine production'® and projects future mine production based on it
(teal curve) using methods described in SM1. Those methods assume that the copper resource
currently being tapped is finite, and that neither the nature of the resource or the methods of its
exploration and extraction change significantly over the next 30 years (the projection period). The
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methods are the same as M. King Hubbert successfully used to predict ~30 years of U.S. olil
production right up to when technologies such as directional drilling and hydraulic fracturing made
it possible to produce natural gas and crude oil from shale and expanded the hydrocarbon
resource. Since technologies can change, the teal curve should be considered an expected
reference against which departures can be detected. It predicts that mine output will peak at 48.7
Mtpy in 2086 and then decline. It is a trajectory very similar to that deduced by very different
methods (assessing the rates of copper mining likely in favorable geographic regions)”.

The dark blue and green curves are two projections of refinery output (copper supply), calculated
by projecting historical trends in the ratio of refinery to mine output (SM1). Refinery output is greater
than the mine output because copper recycling is an additional refinery input. Heavy black dashes
indicate the portions of the refinery and mine output curves that lie between 2018 and 2050. These
curves identify the copper mine output and copper supply (refinery output) that is expected if the
world proceeds as it has since ~1900. These trends do not include the copper demands of the
green energy transition and we refer to them as business-as-usual trends or baseline curves. They
show an almost linear increase in mine production and refinery output over the 32 years (2018 to
2050) that extends recent trends. They are not sensitive to uncertainties in the data that define the
full mine output curve (see Figure SM1.2).

It is shown in SM2 that the sum of copper demand from the global manufacture of ICE vehicles,
historic trends in global grid improvement, and other increases in copper demand that are not
related to the green energy transition is nearly coincident with the projected refinery output (see
Figure SM2.4). These two projections need not be equal. The fact that they are equal increases
confidence in both and means the mining baseline is a valid demand baseline (added discussion
is in SM1). The dark blue baseline curve in Figure 1B can therefore be taken to equal the business-
as-usual mined copper demand shown in Figure 1A. The copper mine production required to
support successive steps of the green transition are displayed above this business-as-usual mining
demand baseline. For example, the gap between the yellow and dark blue lines indicates the
additional mine production needed to globally manufacture hybrid rather than ICE vehicles. The
gap between the teal and dark blue curves indicates the additional production needed for 100%
EV manufacture by 2035. The light blue EV+grid curve indicates the additional copper production
needed for the grid improvements that charge the EV fleet. The green net zero by 2050 curve
indicates the extremely large additional copper mining rates required to replace all fossil fuel
energy sources by renewable energy sources by 2050.

New mines to meet future demand

The rate at which new mines must be opened to support the copper mine production shown in
Figure 1B can be deduced from these curves. Assuming for the moment that the mines in operation
in 2018 continue to produce at the same rates until 2050, new mines must supply the mass of
copper represented by the area between the curves and the dashed dark blue horizontal extension
of 2018 production underlying them. The first column of Table 1 lists these masses. The second
column lists the mine production in 2050 that is required to supply the added copper. Because the
mining demand increases linearly, the mining rate needed in 2050 equals twice the average mining
rate over 32 years from 2018 to 2050. For example, the 260 Mt of mined copper needed to meet
the business-as-usual demand requires an average mine output of 8.13 Mtpy over 32 years, and
therefore production from new mines (i.e., mines put into operation after 2018) of 16.3 Mtpy in
2050. The next column lists the number of new mines with production rates of 0.472 Mtpy (the
average production of the top 10 mines in operation today) that must be in operation in 2050, and
the last column indicates how many such mines must be discovered, permitted, and put into
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operation each year between 2018 and 2050. New copper supply will come mostly from large
mines because they are the ones that count in terms of total production®. Table 1 shows that to
remain on the baseline and support the green transition, between 35 and 194 large new mines
must be brought into production over the next 32 years at a rate of between 1.1 and 6 mines per
year.

Table 1. Extra copper (relative to 2018) mined between 2018 and 2050 and number of mines that
must be put into operation each year over this period to meet electrification demands (see SM4
tab 5).

Mt mined above New mine production in New mines*in New mines* per

2018 line 2050 in Mtpy 2050 year
baseline | 260 16.3 35 1.1
Hybrid 275 17.2 37 1.2
EV+grid | 404 25.2 54 1.7
net zero | 1460t 91.3 194 6.0

tAssumes that net zero requires mining 1200 Mt additional (above baseline) copper’s 4,
Mines* indicates the number new mines with a production rate of 0.472 Mtpy, the average
production rate of the top 10 mines producing today (SM3.2).

The departure from baseline to meet the EV manufacturing goal will be unprecedented

Figure 1 shows that meeting the goal of 100% EV manufacture by 2035 will require an
unprecedented departure from the copper mining baseline. Historically, excursions from mine
production have been ~1 Mtpy in magnitude over about ~15 years (less in recent times, see Figure
1A). Actual copper production tracks the baseline remarkably closely because powerful economic
incentives correct departures. If there is too little copper production relative to demand, the price
of copper rises and greater production is encouraged. If too much copper is produced relative to
demand, the price falls and mines close or halt operation. The price/production feedback means
that it is hard to depart from the baseline (see SM1). Figure 1B shows that the departure from the
baseline related to EV manufacture will be five times greater and twice as long as we have
experienced before ( >5 Mtpy for >30 years). Corrected for recycling, this mining excursion is
equivalent to a demand gap of 8.1 Mtpy in 2035 and 9.6 Mtpy in 2040. A predicted supply-demand
gap of >9Mtpy® by 2035 is in good agreement with the data reported here.

Discussion

The most immediately evident and important feature in Figure 1 is its prediction of a significant
increase in required copper mining between 2018 and 2050. Over this 32-year period the world
will need to mine 115% more copper than has been mined in all of human history up to 2018 (905
compared to 757 Mt). Copper mine output will increase by 82% (from 20.4 to 37.1 Mtpy), and many
new mines will open. The reason for this large increase in mining activity is largely to support the
developing world. In 2022, 74% of copper refinery output was consumed by Asia, only 23% in the
U.S. and E.U. Copper’s ability to conduct heat and electricity, its ease of fabrication, its corrosion
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resistance, and its relatively low cost make it essential and attractive to use in many kinds of
appliances, heating and cooling systems, telecommunications, motors, wiring, radiators, and other
uses that are fundamental to economic development. Three quarters of refinery copper is used in
electrical devices, % is sold as wire or tube, and % is sold to the countries currently undergoing
the most rapid development.'® The future output of existing and new copper mines is mostly
needed for the developing world to catch up with the developed world.

It is natural that such a large increase in mining activity should raise anxieties of many kinds. Are
the resources there to support such a dramatic increase in mining? What practices are needed to
ensure mining is done in an environmentally sustainable way? How will the mines affect
neighboring communities? Can the underdeveloped world develop without massive mine
expansion? Much has been written about these anxieties, but all are logical consequences of the
dramatic increases in copper mining predicted by the teal mining baseline curve in Figure 1A.

The most evident feature of Figure 1B is its indication that the copper needed to shift from ICE to
EV production will require ~55% more new mines than baseline. The area between the light blue
“EV+grid” and the dark blue “baseline” curves is 55% of the area between the baseline curve and
the dark blue dashed extension of 2018 production (see also Table 1).More copper is needed for
EV-related grid upgrades. The new copper mining needed to replace fossil fuel by renewable
energy sources is 4.6 times the baseline (=1200 Mt/260 Mt). The substantial (EV transition) to
almost unimaginably large (for net zero emissions) copper mining demands of these green
transitions pathways raises other very logical questions, such as whether there are ways the
copper needed might be reduced, or copper might be mined more quickly?

Managing the copper demands of electrification and the transition to renewable energy sources
may be necessary, and many are working on this challenge. The question is how much copper will
be available when it is needed. Spreadsheets for all the calculations and figures in this paper are
provided in SM4, and the amounts of copper we assume can be easily modified. We doubt,
however, that reasonable reductions will change the discussion below substantially.

The first point related to copper mining that we would make is that there is plenty of copper
available. The 1689 Mt of copper that the teal baseline curve in Figure 1 suggests will be mined
by 2050 represents 26% of the total copper resource of 6598 Mt. (The USGS'” estimate of 5600
Mt of copper in undiscovered porphyry and sediment-hosted deposits alone is very close to this
estimate.) If mining shifts to greater depths in Earth's crust, the copper resource grows to 89,000
Mt'8 and 241,000 Mt may be recoverable from the seafloor'®. There is plenty of copper available.?°

The concern is that we may not be able to mine the copper resource fast enough to support
baseline global development and vehicle electrification. The strongest evidence for this concern is
the lack of sufficient copper resources in the discovery pipeline. New copper mines that started
operation between 2019 and 2022 took an average of 23 years from the time of a resource
discovery for mines to be permitted, built, and put into operation®. Within this long discovery-to-
operation pipeline, we should see at least ten years of prospects (e.g., 17 prospects) with a
combined production potential of >8 Mtpy in the pipeline to have any confidence we can meet the
1.7 major deposits per year discovery rate required for EV manufacture. There are not the needed
prospects in the pipeline. A detailed study of scheduled mine closures and new mines developing
from prospects in known stages of permitting?* indicates copper mining between 2021 and 2030
will follow the brown-yellow dashed curves in Figure 1B. Production will increase above baseline
until 2025, but then strongly decline such that mine production rates in 2030 are nearly the same
as in 2018. Others confirm these suggestions?'22.
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Mining companies are struggling to discover new large high-grade copper deposits'-2324. Only 16
of the 224 copper deposits discovered since 1990 were discovered in the past decade, despite
mining exploration budgets that increased by a factor of three to four since 2005°25. Discovery
requires that vast amounts of land be open to exploration'”, and land access is increasingly difficult.
Discovery is a chain of tough probabilities. Discovery of a copper occurrence must be followed by
drilling and preliminary economic and engineering assessment to confirm a potential mineral
resource. Further drilling, economic evaluation, engineering, and metallurgical assessment are
required to develop an ore reserve that can serve as the basis for building a mining operation. In
the period between 2001 to 2010, about 20 new copper deposits of at least 0.1 Mt were discovered
per year. From 2015 to 2022 this decreased to less than 10 per year. The success rate of
discovering an initial occurrence of at least 0.1 Mt was around 1 in 2500 for the period 2001 to
2010 and is now about 1 in 5000. This is for the initial discovery. The rate of success for a copper
occurrence becoming an economic deposit that can be mined is between 1 in 100 and 1 in 800%.
Compounding these increasingly severe discovery challenges is the unpopularity of mining in
many localities. Significant copper resources have been discovered but after many years of effort
mine permit applications have been canceled in Alaska?%?’, Minnesota?® and Panama?®, delayed
in Arizona®%32 and substantial acreage has been removed from exploration in Minnesota3!. For
example, the underground Resolution copper project in Arizona would be the largest in North
America, producing ~0.5 Mtpy but despite being approved in 2014 by the U.S. Congress has still
not received approval to start producing copper?3. There is thus reason for concern that, under the
challenges of discovering ever more copper, production will drop substantially below the baseline
curve.

On the other hand, there are reasons for optimism that we will manage to stay on the baseline
curve and be able to respond to some increased demand. In contrast to greenfield mine
development, brownfield expansions at existing mine sites is more efficient and current mine sites
in Arizona, New Mexico and Utah have substantial copper resources to be developed. With the
right macro-economic conditions including a higher copper price, there are also copper resources
that lie at depths deeper than the ~500 meters below surface that are currently being explored.
Deeper underground mining is feasible by block caving and remote operation methods that are
safe and environmentally friendly can be used to develop these copper resources. Deep mines
will have a much smaller surface environmental imprint than current surface mines. If we begin to
explore for deeper deposits, discovery rates could increase. Also, there are substantial copper
resources contained in surface stockpiles. For example, Freeport-McMoRan estimates they have
over 17 million tonnes of copper in waste stockpiles previously thought to be unrecoverable®*. With
advancements in leaching techniques, they are expecting to extract this copper at the rate of
90,000 tpy which is 20% of the copper production our reference mine. Because it was previously
mined, the production is low-cost, demands less water, and has a lower carbon footprint. There
are thus reasons to think we could continue to track the teal empirical baseline copper production
curve in Figure 1A.

If we do succeed in the discovery and mine creation challenge, the copper needed for business-
as-usual trajectory will be provided subject to one additional condition: that our empirical projection
of increasing copper recycling is correct. If copper recycling remains constant at its 2018 level
rather than increasing as assumed, the refinery output will be 5.7 Mt less (green rather than the
dark blue curve in Figure 1A), requiring mine output to increase by 3.7 Mtpy and the discovery and
operation of 8 additional mines with productions that average 0.472 Mtpy. The total number of new
mines needed to meet baseline demand would then be 43 rather than 35. The need to make up
for mine closures and decreased production in mines operating in 2018 will certainly require the
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discovery and operation of additional mines. We have been optimistic in our projected new mine
creation needs.

There is much more that could be reviewed regarding the challenges faced by mining, but the
above discussion is sufficient for our current purposes. It highlights valid concerns that we may
have difficulty remaining on the business-as-usual copper mine production curve that we have
followed for the last ~120 years, and that the amounts of additional copper needed to take even
the first step of a green transition (manufacturing 100% EV rather than ICE vehicles by 2035) will
require substantial additional mining. The dramatic increase in mining that is needed for business-
as-usual developments will raise environmental and social concerns. The important policy goals
of globally aligning levels of prosperity, responding to climate change, and managing
environmental and local impacts of mine development conflict with one another. Copper demand
for EV manufacture could increase the price of copper very substantially and significantly impede
the advance of less developed areas.

Recommendations

For the reasons presented above, it is evident that attention needs to be paid to managing the
copper demands of electrification and the transition to renewable energy sources. An aspect of
Figure 1B not yet emphasized is that there is remarkably little difference between the amount of
copper needed to manufacture hybrid electric rather than ICE vehicles. Hybrid electric vehicles
require 29kg of copper compared to 24kg for an ICE vehicle. It would therefore be judicious to aim
for a transition to the 100% manufacture of hybrid electric vehicles by 2035, rather than
transitioning to the 100% manufacture of battery electric vehicles, which require 60kg. The copper
required for this transition is only slightly above baseline and does not require major grid
improvements (Figure 1B and Table 1). Hybrid electric vehicles could have almost as large an
impact on reducing CO2 emissions and city pollution, and the likelihood of the copper required for
their manufacture being available is much greater. Life cycle emissions for battery electric vehicles
compared with hybrid electric vehicles are comparable with each other®S, with some variations
depending on the model of vehicle. This is not a perfect solution, but it is a much more resource
realistic one. Reducing the critical minerals in large battery banks should continue to be sought.
Sustainable recycling should be strongly encouraged. Mining could meet a steady copper demand
pull with environmentally sustainable mining practices, but mining might not be able to meet too
sudden and substantial demand increase and the economic and human welfare consequences of
this failure could be substantial.

For the longer term, it is important that copper exploration and mine development be encouraged,
starting now. The EU and US should demonstrate on their own territories that increasingly
responsible mining can be carried out and thereby prove that they consider mining to be important
and are willing to do their share of it. The technologies needed for exploration for deeper copper
deposits and leaching should be encouraged as a matter of urgency. To find new mines, vast
amounts of land must be available for exploration. Attitudes toward exploration, land access, and
drilling must change. Capital allocation for deeper-than-conventional mines or mines in remote
locations that lack infrastructure must be encouraged. We should accelerate serious studies of
ocean mining with a goal of achieving a scientific understanding of potential impacts by a defined
future date. Copper mine output should be compared to the teal baseline curve in Figure 1A in an
ongoing fashion and any departures investigated to determine their causes and possible remedies.
The ratio of copper refinery to copper mine output should be tracked, and copper recycling
encouraged.
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We must keep in mind the unique contributions copper makes to modern societal infrastructures
and that copper production could peak only ~62 years from now. There is a lot at stake. We hope
that Figure 1 and its brief discussion in this paper will help those that are not resource experts
appreciate the resource challenge and that this will encourage the discussion and crafting of
resource-realistic policies.

Data Availability

All data, methods, and spreadsheets used are provided in Supplemental Material.
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Supplemental Material
SM1. Projecting Copper Supply

To place the extra copper demand from electrification and fossil fuel replacement in the context of
copper availability, we need to project/predict future mined copper output and the total copper
supply including recycled copper. The framework we use to do this is that developed by M. King
Hubbert (1956) to predict that U.S. oil production. The input to this method is minimal, objective
and available: historical production P and its time integration (e.g., the cumulative production Q of
the resource). The method assumes that the resource is finite, and technology does not change
over the projection period. In our case, this means that the types of copper deposits and the
technologies required to explore for and mine them do not change significantly over the prediction
period. Since the Hubbert projection is based on past data, it is a business-as-usual projection of
copper mining.

The main and valid criticism of Hubbert's method is that new technologies or new deposit types
will change the projection (e.g., see Deming, 2023). This is true. Hubbert’'s method applies only
to a resource accessed by the same technologies and defined by the same types of deposits.
When shale gas and shale oil (a new type of resource) production came online, the decline from
the peak production Hubbert predicted was abruptly reversed. Production will depart from our
copper production guideline when humanity starts to significantly mine the oceans, and will likely
depart as humanity explores for, and mine, copper deposits from depths substantially deeper than
the present ~500 m. This, however, does not vitiate the utility of the copper production, business-
as-usual, baseline we define. If anything, it increases its utility, since departures from its projected
copper production (either up or down) will indicate the need for a clear explanation. It is in this
context of developing a copper production business-as-usual baseline that we apply Hubbert’s
method. His method was summarized clearly and comprehensibly by Deffeyes (2005). We use
the methods Deffeyes articulated and are indebted to his excellent elucidations.

A.) Cu Production/Cumulative Production B.) Hubbert Curve for Global Cu Production
P/Q 108 tonnes Cu/year
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Figure SM1.1. (A) plot of copper production P divided by cumulative production Q vs cumulative
production Q. P is measured in 10° tonnes of Cu mined per year, and Q is measured in 10° tonnes
of copper cumulatively produced over time, assuming an amount of mined copper in 1900 AD.
The insert plots this data from 2000 to 2022 CE and shows the best-fit linear trend line. The data
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for this insert is from the USGS National Minerals Information  Center
(https://www.usgs.gov/centers/national-minerals-information-center/copper-statistics-and-
information). The data prior to 2000 CE (A) is from digitization of the copper production history in
Northey et al. (2014). The orange curve in (B) prior to 2000 CE is digitized from Mudd and Jowitt
(2018). The plots and the data from which they are constructed are provided in SM4_Tab 1.

Figure SM1.1 applies Hubbert’'s method to copper. Figure SM1.1A shows that the variability in the
ratio of production to cumulative production decreases and that the ratio of production to
cumulative production P/Q becomes a reasonably linear trend after about 2000 AD. The insert
shows that this trend has y-intercept a= 0.029503 and an x-intercept Qt = 6598 Mt (million tonnes)
copper. The x-intercept is the total ultimate producible mass of copper. Peak production occurs
at 48.7 Mtpy in 2086. The production rate is a function of the remaining resource and the
cumulative production:

P:a[l—ng
Q) (SM1.1)

Equation (SM1.1) simply adds a cutoff to initial exponential growth. When cumulative production
is much less than the ultimate total, e.g. Q<<Qt, the production rate is proportional to the cumulative
production and grows exponentially with an interest rate a. This exponential growth is terminated

0

when the remaining resource fraction ( O j becomes small and goes to zero as Q approaches
Qt. When the resource is exhausted (all mined out), production of that resource stops.

Equation (SM1.1) defines the teal Gaussian-shaped curve in Figure SM1.1B. The method is as
follows: Some assumed cumulative production in 1900, Q1900, is substituted into (SM1.1) and the
production P that year is calculated. This production is added to Q1900 to obtain Q1907, and the
production in 1901 is calculated. Continuing this process results in an initial version of the blue
curve in Figure SM1.1B. For a particular selection of Q1900 the production at 2018 will equal the
known production rate of 20.4 Mtpy. This Q1900 however will produce a different plot in Figure
SM1.1A and slightly different values of a and Q:. Using these values with (SM1.1) will mean a
different value of Q1900 is needed for P2016=20.4 Mtpy, and this new value of P201g will modify a and
Q:. A few iterations suffices to find a fully compatible set of a, Qt, and Q1900. This set defines the
blue curve in Figure SM1.1B which tracks the historical production very closely and indicates a
total copper resource Qt = 6598 Mt.

From the history of copper production and the cumulative production at one particular time, the
Hubbert method determines the full history of production history including the peak production, the
date at which it will occur, and the total amount of the resource that will ultimately be produced (the
area under the production curve). This is quite remarkable. Furthermore, the production prediction
is made from only the last part of the past production history, in our case the production history
since 2000 CE. Production over this period is well defined. The calculations discussed above are
carried out in SM4 tab 1. There, two historical production curves are used to predict future copper
production: One from Northey et al. (2014) and one from Mudd and Jowett (2018). The results
are shown in Figure SM1.2. The global copper production curves are identical over the period of
interest (2018-2050); the peak production rates, the peak times, and the total copper resource are
slightly different, indicating a weak dependence of the production projection on the pre-2000 CE
history of production. The production histories after 2000 CE are identical in the cases shown.
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A.) Production Curve Comparisons B.) Comparison of Baseline Hubbert Curves
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Figure SM1.2. (A) Production histories from Northey et al. (2014), Mudd and Jowitt (2018), and
the Hubbert curve (Northey baseline) determined from the Northey production history. (B)
Comparison of the mining-as-usual baseline Hubbert curves determined from the Northey et al.
(2014) and Mudd and Jowitt (2018) production histories. Both take the production since 2000 from
the USGS Minerals Information Center. Plots are created SM4_Tab 1.

The mined copper production does not equal the copper supply. The copper produced by
refineries is greater than the mined copper in any given year because scrap copper and inventories
from other years are also inputs to the refineries. As shown in Figure SM1.3, the fraction by which
global refined copper supply exceeds mined copper production has been increasing steadily at
about 0.516% per year since 2000 AD. We call this fractional refinery excess the recycle fraction

frcyl:
R., —P

P (SM1.2)

f;’cyl =

Here Rcu is the refinery copper output in 108 tonnes per year, and P is the amount of copper mined
each year as discussed above.

The refinery copper output is plotted as the black line in text Figure 1A labeled “Refinery Output”.
This line is computed from the teal mine copper output in that figure assuming that in 2018
frey=0.196, Rcu=24.4 Mt, and P=20.4 Mtpy. As illustrated in Figure SM1.3, we assume frcyi changes
by 0.516% each year before and after 2018, but is capped at 0.35. fry reaches 0.35 in 2048.
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Figure SM1.3. Plot of the fraction by which global refinery output exceeds mined copper
production each year. Linear regression shows the fraction changes by 0.516% per year. For use
in text Figure 1 the fraction is registered to its value in 2018, and extrapolated as indicated by the
teal line. The fraction is calculated from data of the USGS National Minerals Information Center
(https://www.usgs.gov/centers/national-minerals-information-center/copper-statistics-and-
information). Plot is created in SM4_Tab 2.

A refinery excess over copper mine output is not the same as the recycling rate. The latter is
properly defined as the percentage of copper that is reclaimed for other uses when the useful life
of some product has ended. There are many products with different usage lifetimes and different
fractions of copper recoverable, and recovery fractions can change with time. Obtaining an
ensemble average is challenging. Harmsen et al. (2013) gives an example of 2% production
growth that suggests recycling rates of 43% and 70% corresponds to fry of 0.23 and 0.35
respectively. A recycling rate of 70% is thought to be near the feasible upper limit of recycling
because much copper usage is currently in very small parts of complex electronics and cannot be
recycled.

SM2. Baseline Copper Demand

Yergin et al.’s (2022) projection of non-energy-transition copper demand is another baseline
projection which can be compared to the baseline projection of refinery output (copper supply).
This baseline is the sum of copper demands not related to the energy transition, demand from the
business-as-usual part of electric grid expansion and maintenance, and demand from the
manufacture of internal combustion (ICE) vehicles. Figure SM2.1 shows Yergin et al.’s projection
of non-energy-transition copper demand (bottom dark blue bars). Figure SM2.2 shows Yergin et
al.’s projection of copper demand for grid development (bottom light green bars), and Figure
SM2.3 shows how we separate out the business-as-usual from the bump in grid demand needed
for the grid to accommodate EV. Figure SM2.4 shows that this business-as-usual demand
baseline is nearly identical to the refinery baseline. Table SM2.1 gives numerical values for the
curves in Figure SM2.4.
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Figure SM2.1. Yergin et al.’s (2022, p44) projection of non-energy-transition copper demand (dark
blue bars).
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Figure SM2.2. Yergin et al.’s (2022, p38) projection of transmission and delivery copper demand
from 2021 to 2050 (bottom green bars).
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Figure SM2.3. Yergin et al.’s projection of grid-related copper demand from Figure SM2.2 (orange
curve) and its 1.7% business-as-usual growth component (teal curve). The extra copper needed
for EV and the green energy transition is 25 Mt copper, similar to the 27 Mt estimated by Chen et
al.(2023)in their least-ambitious STEPS fossil fuel replacement scenario. Plot is created in
SM4_Tab 3.
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Figure SM2.4. Comparison of business-as-usual demand baseline of Yergin et al. (2022) (upper
solid orange curve) and our refinery output (copper supply) baseline (dark green dashed curve).
Data are listed in Table SM2.1. Plot is created in SM4_Tab 3.

Table SM2.2. Columns A, B, C and E are data from Yergin et al. (2022) and our calculations as
discussed in the text of this SM. Columns D and F are additions of this data that are plotted in
Figure SM2.4.
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A B C D E F

Linear fit to Projected 1.7% electrification Refinery BasU
non-transition ICE demand . bump in output demand
d d Tabl grid growth |

eman SI\G:I3Z demand grid demand b(supl p y baseline

: aseline) A+B+C
2018 16.78 2.33 4.28 0 24.38 23.39
2021 18.74 2.45 4.50 0 26.39 25.70
2025 21.36 2.69 4.82 0 29.24 28.87
2030 24.63 3.00 5.24 0.59 33.06 32.85
2035 27.90 3.35 5.70 1.67 37.16 36.96
2040 31.18 3.75 6.20 2.41 41.49 41.13
2045 34.45 4.20 6.75 0.33 45.99 45.40
2050 37.72 4.72 7.34 0 50.05 49.78

The non-energy-transition demand (teal curve in Figure SM2.4) increases nearly linearly with time.
A linear version of it is plotted as the grey curve. Our projection of copper demand for ICE
manufacture (Table SM3.4 in the next SM section) also increases almost linearly (dark blue curve).
Adding the linearized version of the non-transition demand, our ICE demand, the 1.7% per year
grid growth demand (teal curve in Figure SM2.3) results in the top orange curve in Figure SM2.4.
It is nearly coincident to our baseline refinery output (black dashed line) from the previous section.
This shows that the refinery baseline can be consideration a projection of either supply or demand.
Of course, copper supply should equal demand in any valid prediction. The demonstration that
this is so is a new contribution of this paper. The top dashed light green curve in Figure SM2.4
adds Yergin’s electrification bump in grid demand to the refinery (supply) curve.
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SM3. Data and Methods

SM3.1 Copper demand from conversion of ICE to EV or Hybrid

Following Michaux (2021), five weight classes of vehicle and four regions (the United States (U.S.),
the European Union (EU), China, and the rest of the world (RoW) are considered. The copper
needed to manufacture three types of vehicle (EV, hybrid, and ICE) is calculated from the copper
needed to manufacture each weight class of vehicle. The number of vehicles manufactured in

each region is extrapolated according to recent trends.

It is assumed that in the future the

percentage of vehicles manufactured in each weight class in each region is the same as in 2018.

Table SM3.1. Nj: Millions of vehicles in 2018 in five weight classes i and four regions j.

Class,i UsS.” EU? China® Row*
Class 8 truck 4.7 5.7 7.1 11.4
Bus 7.9 0.7 1.2 19.2
Light Truck/Van 161.8 27.4 18.4 393.7
Passenger Car 79.0 222.7 203.7 190.5
Motorcycle 16.2 4.5 1.9 39.5
Sum (except motorcycle) 253.4 256.5 230.4 614.8

Michaux, 2021, 1/ T12.2 p271, 2/T12.5 p277, 3 and 4/T12.8 p 283. T indicates
Table and p page. Data is from: U.S. Department of Transportation, Bureau of
Transportation Statistics: National Transportation Statistics

Table SM3.2. Ci: tonnes of copper content in in each weight class i for vehicle type k. From Yergin
etal. (2022, p 29). Motorcycles are assumed to need 1/3 the copper of passenger cars.

Class, i Cuev Cunyb Cuice
Class 8 truck 0.425 0.035 0.024
Bus 0.139  0.031 0.024
Light Truck/Van 0.060  0.029 0.024
Passenger Car 0.060 0.029 0.024
Motor cycle 0.020 0.010 0.008
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Table SM3.3. Vjq: Millions of vehicles (excluding motor cycles) manufactured in each region j at
dates d. Data is from dashed extrapolations in Figure SM3.1 below.

region, j 2018 2025 2030 2035 2040 2045 2050
U.S. 109 109 109 10.9 10.9 109 10.9
EU 1.0 11.0 11.0 11.0 11.0 11.0 11.0
China 257 316 36.7 425 49.3 571 66.2
RowW 48.1 571 64.7 73.2 82.8 93.6 105.9
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Figure SM3.1. The total number of motorized vehicles (except motorcycles) manufactured yearly
from 1970 to 2021 for the regions discussed is shown by solid curves. Black dashed lines on the
middle two curves indicate how growth rates are estimated from this historic data. Colored dashed
curves show how the manufacturing rates are projected to future dates, d, for the regions, j, starting
from the manufacturing in 2018. The global historical and projected production (uppermost dark
blue curves) is the sum of the regional productions. Regional production data is from
https://en.wikipedia.org/wiki/List_of _countries_by motor_vehicle _production. Plot and data are in
SMA4 tab 4.

The copper Mkqs needed to manufacture EV, Hybrid, of ICE vehicles at dates d is calculated:

T
M, =(N;C,) r,
kd ij ik jd ’ SM3(1)
where T indicates the matrix transpose, adjacent subscript indices are summed, and subscript i is
the weight class of the vehicle, j is the region, k is the vehicle type, and d is the date of
manufacture. The ratio rjs is the millions of vehicles manufactured at the dates in Table SM3.3
divided by the millions of vehicles in the 2018 fleet from the last line in Table SM3.1. In other

'EF 20


https://en.wikipedia.org/wiki/List_of_countries_by_motor_vehicle_production

words, rig=Vjo/N;?°’8, where N297¢ is the last line in Table SM3.1. M is listed in Tables SM3.4.
Tables SM3.5 and SM3.6 are straight-forward manipulations of Table SM3.4. SM4 tab 6 lists and
illustrates an APL script for calculating these tables.

Table SM3.4. Mxa, Millions tonnes of copper needed for manufacture of vehicle type k at dates d
calculated using equation SM3(1).

Vehicle type, k 2018 2025 2030 2035 2040 2045 2050
EV 6.76  7.82 8.71 9.73 10.90 1223 13.75
Hybrid 2.83 3.28 3.65 4.07 4.56 5.1 5.74
ICE 233 269 3.00 3.35 3.75 4.20 4.72
Table SM3.5. Millions tonnes of extra copper relative to ICE.

Vehicle type, k 2018 2025 2030 2035 2040 2045 2050
EV-ICE 443 5.13 5.72 6.39 7.15 8.03 9.03
Hybrid-ICE 0.50 0.58 0.65 0.72 0.81 0.91 1.02
ICE-ICE 0 0 0 0 0 0 0

Table SM3.6. Millions tonnes of extra copper if conversion of ICE to EV or Hybrid is phased in
linearly between 2018 and 2035.

Vehicle type, k 2018 2025 2030 2035 2040 2045 2050
EV-ICE 0 2.11 4.03 6.39 7.15 8.03 9.03
Hybrid-ICE 0 0.24 0.46 0.72 0.81 0.91 1.02
ICE-ICE 0 0 0 0 0 0 0

Conversion of cars and light trucks/vans constitutes 90% to 95% of the extra copper demand. Most
of the conversion vehicle manufacture copper demand is from China and the RoW. In 2018 these
regions constitute over 77% of the vehicle copper demand, and in 2050 they will constitute over
90%. The copper demand for manufacturing ICE vehicles, and even more so EV or Hybrid
vehicles, resides in the developing world.
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SM3.2 Current mining rates

Table SM3.7 lists the yearly copper output of the top 10 currently producing mines. Their total
output is 4.72x10° tonnes per year. The average mine in this list produces 0.472x108 tonnes of
copper per year.

Table SM3.7. Copper production from world’s top 10 producing mines in 10° tonnes Cu per year.
Data are from https://www.mining-technology.com/marketdata/ten-largest-coppers-mines/ .

2022
Escondida, Chile 1.060
Collahuasi, Chile 0.589
El Teniente, Chile 0.456
Cerro Verde, Peru 0.434
Morenci, Arizona 0.401

Grasberg Block Cave, Indonesia 0.396

Chuquicamata, Chile 0.373
Cobre Panama, Panama 0.345
Kamoa-Kakula, Congo 0.334
Buenavista del Cobre, Mexico 0.332
TOTAL 4.719

SM4. Excel spreadsheet

The excel spreadsheet, provided at https://www.ief.org/ resources/files/reports/sm4-copper-
report_vf.xlsb, contains all the calculations upon which this paper is based. The spreadsheet plots
all the figures in the paper and supplemental materials. The spreadsheet constitutes a complete
documentation of everything discussed in the text.

Tab 1 Constructs the baseline mining curve for copper and plots Figures 1A and SM1.1.
Tab 2 Captures the difference between refinery and mine output and plots Figure SM1.3.
Tab 3 Computes Yergin’s demand baseline and plots Figures SM2.3 and SM2.4.

Tab 4 Projects vehicle production and plots Figure SM1.4.

Tab 5 Calculates the extra copper required to phase in EV (or Hybrid) manufacture
between 2018 and 2035. Plots Figure 1B.

Tab 6 Lists and illustrates APL script that calculates Tables SM3.4, SM3.5, and SM3.6.
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